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Layered double hydroxides (LDHs) are highly effective drug delivery systems,
owing to their capacity to intercalate or adsorb biomaterials, flexible structure,
swelling property, high stability, good biocompatibility, and ease of synthesis.
Phenytoin (PHT) is an antiseizure BCS (Biopharmaceutics Classification System)
class II drug, presenting low aqueous solubility. Therefore, the current study
aimed at increasing its solubility, dissolution, and bioavailability. PHT was
intercalated to the MgAl-LDH formed in situ and successful intercalation to
form MgAl-PHT-LDH was confirmed by FTIR, PXRD, DSC, and TGA.
Examination of particle size and morphology (by photon correlation
spectroscopy and electron microscopy, respectively) confirmed the formation
and intercalation of nanostructured LDH. Intercalation enhanced the saturation
solubility of PHT at 25°C in 0.1N HCl and phosphate buffer (pH 6.8) by 6.57 and
10.5 times respectively. The selected drug excipient powder blend for the
formulation of MgAl-PHT-LDH tablets exhibited satisfactory properties in both
pre-compression parameters (angle of repose, bulk density, tapped density,
Carr’s index, and Hausner ratio) and tablet characteristics (weight variation,
thickness, hardness, friability, content uniformity, and disintegration time).
MgAl-PHT-LDH tablets showed better dissolution of PHT compared to
unprocessed PHT tablets at all time points. Oral bioavailability of MgAl-PHT-
LDH tablets and unprocessed PHT tablets was tested in two groups of Sprague
Dawley rats based on analysis of serum levels of both forms of PHT by UPLC-ESI-
MS/MS serum. MgAl-PHT-LDH tablets demonstrated a relative bioavailability of
130.15% compared to unprocessed PHT tablets, confirming a significantly higher
oral bioavailability of MgAl-PHT-LDH. In conclusion, MgAl-PHT-LDH could
provide a strategy for enhancing solubility, dissolution, and thereby
bioavailability of PHT, enabling the evaluation of theclinical efficacy of MgAl-
PHT-LDH tablets for the treatment of seizures at lower PHT doses.
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1 Introduction

To effectively develop a new oral formulation, it’s essential to
grasp the barriers impacting the drug’s bioavailability. The
diminished oral bioavailability commonly observed with
hydrophobic drugs primarily stems from their poor solubility.
Different approaches have been developed for the oral delivery of
medications in order to address the physicochemical and
pharmacokinetic properties of pharmaceuticals. These strategies
encompass particle size reduction, chemical modification, crystal
engineering, amorphization, solvent composition adjustment,
complexation, prodrug synthesis, and enhancing specific surface
area, such as through solid dispersions and micronization, as well as
employing drug carrier systems (Yasir et al., 2010; Hua, 2020;
Alqahtani et al., 2021). Interestingly, nanostructures can
significantly enhance the solubility of various substances through
several mechanisms (Khan et al., 2022). Among the several reported
nanostructures, layered double hydroxides (LDHs) can enhance the
solubility of drugs through a process known as intercalation.
Increasing specific surface area, prevention of agglomeration, and
protection from degradation are some of the ways by which LDH
enhances the solubility of drugs with poor water-solubility and also
improve stability (Ameena Shirin et al., 2021).

LDHs (anionic clays or hydrotalcite-like compounds) are
inorganic lamellar nanomaterials characterized by a two-
dimensional structure. Large molecules can be accommodated
by these lamellar compounds because of their high surface-to-
volume ratio. Charged brucite-like layers make up LDHs, and
within each layer are divalent metal ions (MII) octahedrally
bound to six hydroxyl groups (OH-). It is possible for
trivalent ions (MIII) to take the place of some of the divalent
cations. This configuration leads to the development of layers
with positive charge. Water molecules and transferable anions,
which include hydroxyl groups, nitrates, carbonates, and sulfates,
are present within the layers and preserve the charge balance
(Ameena Shirin et al., 2021). LDHs have the general formulae:
[M2+

1-x M x
3+ (OH) 2]

x+ (An−) x/n. yH2O] wherein MII is a
divalent ion, MIII is a trivalent ion, An− is an anion, and x is the
charge density of LDH layers (Mishra et al., 2018; Ameena Shirin
et al., 2021).

LDH offers numerous benefits, including cost-effectiveness,
biocompatibility, minimal cytotoxicity, a straightforward
production process, drug safeguarding, and improved solubility.
Its exceptional biocompatibility, substantial loading capacity, and
stability make LDH ideal for various applications, such as cosmetics,
photoluminescence, and sensors (Mishra et al., 2018). LDHs
effectively transport both drugs and genes, enhancing therapeutic
outcomes for conditions like inflammation, cancer, and
cardiovascular disorders (Ameena Shirin et al., 2021).

Phenytoin (PHT), also known as 5,5-diphenylhydantoin or 5,5′-
diphenylimidazolidine-2,4-dione, is an anticonvulsant utilized in
the management of seizures. Notably, PHT displays non-linear
elimination pharmacokinetics because of saturation of metabolic
enzymes (Browne and LeDuc, 1995; Patocka et al., 2020).
Furthermore, PHT is a thoroughly characterized drug belonging
to BCS class II, demonstrating low solubility and high permeability
(Pade and Stavchansky, 1998). Thus, the oral bioavailability of PHT
is limited by its solubility (Widanapathirana et al., 2015). Although

various formulations of PHT may dissolve at similar rates in water,
major changes in the extent of PHT release can occur when the
pH of the gastrointestinal tract (pH 1–8) varies. This observation
aligns with the observations that a similar dissolution in water
cannot guarantee a product’s bioequivalence. One possible
explanation for the decreased steady-state serum levels of PHT is
inadequate drug release (Serajuddin and Jarowski, 1993).

Solid dispersions, micronization, complexation, polymer
conjugation, and pH modification were among some of the
earlier methods tried for enhancing PHT solubility (Stavchansky
and Gowan, 1984; Dobrucki and Wojciechowska, 1992; Serajuddin
and Jarowski, 1993; Latrofa et al., 2001; Widanapathirana et al.,
2015). In the last few years, nanostructured delivery systems such as
nanoemulsions and nanoparticles were also introduced (Sheir et al.,
2022; Modi et al., 2023). However, the potentials of nanostructured
LDH in enhancing the solubility and/or bioavailability of PHT have
not been yet elucidated and there exists a huge research gap in this
area. Fortunately, MgAl-LDH has been reported to improve
solubility of drugs and was suggested to enhance the
bioavailabilty of intercalated drug. The solubility of drugs such as
fenbufen, camptothecin, and naproxen has been improved due to
intercalation in LDH (del Arco et al., 2010; Bi et al., 2014).
Furthermore, LDH was shown to dissolve in an acidic
environment, resulting in the release of the intercalated bioactive
drug in a molecular state conducive to absorption (Bi et al., 2014; Yu
et al., 2023).

Therefore, this study evaluates the possibility of enhancing the
solubility of PHT by its intercalation to MgAl-LDH. In the event of
successful solubility enhancement of PHT by MgAl-LDH, the study
also planned to introduce the PHT-intercalated LDH (MgAl-PHT-
LDH) in the form of tablet, as one of the most convenient dosage
forms and to evaluate PHT bioavailability.

2 Materials and methods

2.1 Materials

Phenytoin (PHT) and Polyvinylpyrrolidone (PVP) were
procured from ACROS Organics (New Jersey, United States).
Aluminum nitrate nonahydrate {Al(NO3)3 9H2O} was sourced
from Techno Pharmchem (India), while Magnesium nitrate
hexahydrate {Mg (NO2)3 6H2O} was obtained from Panreac
Quimica SA (Barcelona, Spain). Sodium hydroxide (NaOH)
pellets and acetone were provided by ASAGGAF Pharma
HOLYLAND (Saudi Arabia). AVICEL PH-101 (microcrystalline
cellulose) was acquired from WINLAB (Leicestershire,
United Kingdom). Hydrochloric acid (HCl) was obtained from
VWR CHEMICALS and methanol from Honeywell (Riedel-
de Haёn™).

2.2 Methods

2.2.1 Synthesis of MgAl-LDH and intercalation
of PHT

MgAl-LDH was synthesized by the trituration method, wherein
25.64 g of magnesium nitrate hexahydrate and 18.755 g of
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aluminium nitrate nonahydrate (molar ratio of 2:1), were
combined. Subsequently, 15.995 g of NaOH pellets were
slowly added until a paste was formed, maintaining the pH at
around 9–10. This method, was adapted from previous studies
with slight modifications (Ay et al., 2009; Khusnutdinov and
Isupov, 2019). The resultant paste was washed with distilled
water and subjected to centrifugation at 9,000 rpm for 5 min
three times. The obtained suspension was then frozen at −80°C
for 48 h and subsequently freeze-dried for 24 h and the yield (10 g
of MgAl-LDH powder) was recorded. A scheme showing the
preparation of the MgAl-LDH is provided in Figure 1.

PHT intercalation into MgAl-LDH was achieved by solvent
technique in a 1:1 ratio according to the previously published
method with slight modification. Specifically, 10 g of PHT was
fully dissolved in 300 mL of acetone. Subsequently, 10 g of
formulated MgAl-LDH was added to the acetone-PHT solution
and mixed on a magnetic stirrer long enough until most of the
acetone got evaporated. The mixture was then placed in a 60°C oven
until complete acetone evaporation, resulting in the dry MgAl-PHT-
LDH powder.

2.2.2 Solubility studies
The saturation solubility of PHT and MgAl-PHT-LDH was

assessed in 0.1 N hydrochloric acid (HCl), and phosphate buffer
(pH 6.8). Surplus amounts of PHT and MgAl-PHT-LDH were
separately added to 100 mL glass beakers under magnetic stirring
at 25°C for 24 h. The PHT content in the solutions was estimated
after appropriate dilution using a UV-visible spectrophotometer
at 202 nm (Genesys 10uv, Thermo Fisher Scientific,
United States).

2.2.3 Characterization of PHT, MgAl-LDH and
MgAl-PHT-LDH

FTIR spectra were utilized to characterize PHT and for the
confirmation of the formation of MgAl-LDH, as well as the
intercalation of PHT into MgAl-LDH. PXRD patterns of the
PHT, MgAl-LDH, and MgAl-PHT-LDH dry powders were
obtained using Bruker AXS D8 Advance. DSC thermograms of
PHT, MgAl-LDH, and MgAl-PHT-LDH were obtained at
25°C–310°C, at 10°C/min using DSC60, SHIMADZU. TGAs of
PHT, MgAl-LDH, and MgAl-PHT-LDH were done with an inert
N2 atmosphere, at 10°C/min, spanning a temperature of 25°C–700°C
using Perkin Elmer, Diamond TG/DTA.

The sizes of PHT, MgAl-LDH, and MgAl-PHT-LDH were
determined by photon correlation spectroscopy using a Zetasizer
Nano S v.7.13 instrument. SEM images of PHT, MgAl-LDH, and
MgAl-PHT-LDH were captured using a JEOL Model - JSM 6390LV
instrument at a 20 kV. TEM images of MgAl-PHT-LDH powder

FIGURE 1
Scheme showing the synthesis of the MgAl-LDH process.

TABLE 1 Actual weight of the ingredients used to prepare MgAl-PHT-LDH
tablets.

Excipient Quantity for one tablet (mg)

MgAl-LDH-PHT 200

Cellulose, microcrystalline (Avicel®) 60

Polyvinylpyrrolidone (PVP) 9

Starch 28

Talc 1.5

Magnesium stearate 1.5
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were also obtained using FEI Titan, Thermo Fisher Scientific,
United States.

2.2.4 Formulation of MgAl-PHT-LDH tablets
2.2.4.1 Preformulation studies

Meeting acceptable flowability standards is an essential
prerequisite before compression, enabling effective compression
of the powder mixture. The ingredients for the preparation of
MgAl-PHT-LDH tablets are listed in Table 1. Before proceeding
with the compression of this powder blend, preformulation studies
were carried out.

The prepared powder blends’ flow characteristics were assessed
using an analysis of the Hausner ratio, Carr’s index, bulk- and
tapped densities, and angle of repose. Using the fixed funnel method,
which involves setting a funnel over white paper at a specific height,
the angle of repose (θ) was measured. The funnel was filled with the
powder sample until the pile’s top reached it. At that point, the pile’s
height (h) and radius (r) were measured. Next, using the following
equation, the value of θ was calculated (Eq. 1).

θ � tan−1h
r

(1)

The bulk density (BD) was evaluated by weighing the powder
mixture and subsequently transferring it to a measuring cylinder to
estimate the volume, and finally calculated using Eq. 2.

BulkDensity � Weight of the powder blend
Bulk volume of the same powder blend

(2)

The tapped density (TD) was evaluated by weighing the powder
mixture, then transferring it to a measuring cylinder placed on a
wooden surface, and tapping it from a height of 1 inch either
100 times or until a consistent volume was attained.
Subsequently, the TD was calculated using Eq. 3.

TappedDensity � Weight of the powder
Tapped volume of the same powder

(3)

Carr’s index and Hausner ratio were used to determine the
percentage compressibility as follows (Eqs 4):

Carr’s index � Tapped density –Bulk density
Tapped density

( )x 100 (4)

Hausner ratio � Tapped density
Bulk density

(5)

2.2.4.2 Compaction of MgAl-PHT-LDH powder to tablets
The details of the actual weights of the ingredients utilized in

preparing the MgAl-PHT-LDH tablets and unprocessed PHT tablets
are provided in Tables 1, 2 respectively. To prepare tablets, the precise
amount of MgAl-PHT-LDH powder was carefully measured and
combined with specified quantities of starch and PVP. Following
this, blending was done after the additions of starch (disintegrant),
talc (glidant), and magnesium stearate (lubricant). Avicel® served as
both a binder and disintegrant, while PVP acted as a binder.
Subsequently, the powdered mixture was compressed into oval
tablets weighing 300 mg each, containing 100 mg of PHT (n = 30),
using an ERWEKA tablet machine (single punch).

2.2.5 Evaluation of compressed tablets of MgAl-
PHT-LDH
2.2.5.1 Weight variation, thickness, hardness, friability,
content uniformity, and disintegration time

The weight variation was determined by precisely weighing each
tablet (n = 20) using an electronic balance (ADAM equipment,
Maidstone Road, United Kingdom). Tablet weight was recorded as
the average weight in mg ± standard deviation (SD). Additionally,
ten tablets were chosen randomly and separately checked for their
thickness using a Vernier caliper. The findings are presented as the
mean thickness in millimeters (mm) ± SD.

For determining the tablet’s breaking strength, each tablet was
placed onto the bottom plunger of aMonsanto’s hardness tester, and
force was applied to break it (n = 5). The average force required,
expressed in kilograms (kg), was utilized assess tablet breaking
strength. The friability test (n = 10) was performed using Erweka
Friabilator, where the tablets under examination were rotated within
the device for 4 min at 25 rpm. Subsequently, the tablets were
collected, cleaned of any dust, and weighed. The following equation
(Eq. 6) was used to calculate the friability:

Percentage friability � Initial weight of tablets − final weight of tablets( )
Initial weight of tablets

[ ]x 100
(6)

To evaluate the content uniformity, ten tablets were individually
crushed in a mortar. Subsequently 30 mL of methanol were added,
mixed and the volume was made up to 100 mL with 0.1N HCL. The
resultant sample was filtered and analyzed for PHT content using
UV-VIS spectrophotometry by measuring the absorbance at
202 nm. The findings are presented as a percentage (%) mean ± SD.

The in vitro disintegration test was conducted utilizing the USP
(Dst-3 automatic disintegration tester). The tablets (n = 6) were
randomly selected and positioned in the mesh basket of the
instrument, immersed in distilled water (37°C ± 2°C). The time
taken for full disintegration with no particles visible in the mesh of
the basket was taken as the disintegration time of tablet.

2.2.5.2 PHT dissolution test
The dissolution test on MgAl-PHT-LDH tablets was conducted

employing the USP dissolution test type II paddle apparatus
(ERWEKA GmbH D-53150 Heusenstamm/Germany) at 50 rpm
and 37°C ± 0.5°C. Two different dissolution media were used for the
test; 0.1 N HCl (900 mL) and phosphate buffer (pH 6.8, 900 mL).
Samples (5 mL) were taken at specified intervals of 5, 10, 15, 30, 60,

TABLE 2 Actual weight of the ingredients used to prepare unprocessed PHT
tablets.

Excipient Quantity for one tablet (mg)

PHT 100

Cellulose microcrystalline (Avicel®) 60

Polyvinylpyrrolidone (PVP) 9

Starch 28

Talc 1.5

Magnesium stearate 1.5
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120, 240, and 360 min, with immediate replacement of the same
volume from the dissolution media. Quantification of PHT in the
withdrawn samples was achieved using UV spectrophotometry at

202 nm. The dissolution profiles were compared by calculation of
similarity factor (f2) using the following equation (Eq. 7) (Moore and
Flanner, 1996).

FIGURE 2
Diagram demonstrating the intercalation of PHT in the MgAl-LDH.

FIGURE 3
FT-IR spectra of (A) pure PHT, (B) MgAl-LDH, and (C) MgAl-PHT-LDH.
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f 2 � 50 • log 1 + 1/n( )∑n

t�1 Rt − Tt( )2[ ]−0.5 • 100{ } (7)

2.2.5.3 In vivo study
The study protocol was approved by the Ethics Committee for

Animal Research at the college of Pharmacy, Taibah University,
Saudi Arabia under reference No. COPTU-REC-73-20230694. The
in vivo study aimed at investigating the pharmacokinetics of PHT
released either from the MgAl-PHT-LDH tablets or the unprocessed
PHT tablets. Six adult, male, age-mate Sprague Dawley rats
(250–300 g) divided randomly into two groups (n = 3) were
used. Animals were housed at standard conditions for 1 week
before the experiment to acclimatize, and allowed free access to
food and water. Twelve hours before starting the experimental
procedures animals were fasted. Group I received MgAl-PHT-
LDH tablets, while Group II received unprocessed PHT tablets.
To facilitate oral administration of test drugs to the animals, tablets
were dissolved in normal saline to get a final concentration of 10 mg/
mL of PHT, and each animal received an oral dose of 30 mg/kg by
gastric tube. Blood samples (0.5–0.6 mL) were withdrawn from the
orbital sinus using a capillary tube at specified intervals (0.5, 1, 2, 3,
4, 5, 8, 12, and 24 h following dose) under light ether anesthesia.
blood was allowed to clot then centrifuged to separate serum
(3,000 rpm for 15 min) which was immediately frozen (−20°C)
until testing for PHT concentration (Burstein et al., 1999; de Oliveira
et al., 2018). The analysis of serum samples was conducted utilizing
Ultra-Performance Liquid Chromatography-Electrospray
Ionization-Tandem Mass Spectrometry (UPLC-ESI-MS/MS) after
being de-proteinated. The detailed specifications of UPLC-ESI-MS/
MS are provided in the Supplementary Data.

Non-compartmental analysis was carried out on the PHT serum
concentration-time profiles. Peak serum concentration (Cmax) and
time to maximum concentration (Tmax) were determined through
direct examination of the graphical profiles. Linear trapezoidal
summation was employed to calculate the AUC0–24 from time
zero (pre-dose) to the last measurable serum concentration.
Other pharmacokinetic parameters were also calculated and

analyzed. PHT pharmacokinetic parameters following oral
administration of MgAl-PHT-LDH tablets and unprocessed PHT
tablets were compared using SPSS.V22, Student’s t-test with
significance given at P-value < 0.05. Concentration versus time
data is presented as mean ± SD.

2.2.5.4 Accelerated stability studies
The study was carried out for 6 months on the prepared

formulation. Tablets were placed in a desiccator at a relative
humidity of 75 % ± 5%. Then the desiccator was placed in a hot
air oven at 40° ± 2°C. Tablets were withdrawn from the desiccator
after 6 months, and then were evaluated.

3 Results and discussion

3.1 Synthesis of MgAl-LDH and intercalation
of PHT

The MgAl-LDH synthesis process is represented schematically
in Figure 1. MgAl-LDH was prepared and intercalation of PHT was
done. The intercalation process of PHT in the dried MgAl-LDH is
represented in Figure 2. The substitution of hydrogen ions of the
nitrogen group in PHT with the positively charged MgAl-LDH
layers results in the formation of a new component.

3.2 Solubility studies

After intercalation in the form of MgAl-PHT-LDH, the
solubility of PHT at 25°C was enhanced 6.57 times in 0.1N HCl
(0.4061 ± 0.001 mg/mL) and 10.5 times in pH 6.8 phosphate buffer
(2.1036 ± 0.048 mg/mL) compared to unprocessed PHT, which
showed solubility of 0.0618 ± 0.001 mg/mL in 0.1N HCl and 0.2 ±
0.012 mg/mL in pH 6.8 phosphate buffer. These results demonstrate
the enhanced solubility of PHT upon its conversion to MgAl-PHT-
LDH. The intercalation of PHT in the MgAl-LDH interlayers by the

FIGURE 4
PXRD patterns of PHT, MgAl-LDH, and MgAl-PHT-LDH samples.
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replacement of the NO3
− in the interlayer space with the PHT nitrate

group could have led to the neutralization of PHT charge as well as
an increase in its solubility.

Similar solubility enhancement of drugs was reported in
previous studies too. A significant increase in the solubility of
zaltoprofen loaded in LDH was observed compared to the drug
alone, both in deionized water and in the 6.8 phosphate buffer. In
water, the solubility of zaltoprofen loaded in LDH was three times
higher than that of zaltoprofen alone. In the 6.8 buffer,
zaltoprofen loaded in LDH showed greater solubility than
zaltoprofen, exceeding eight times the solubility of the
reference dose (Maggi et al., 2023). In another study, the
solubility of naproxen and flurbiprofen was greatly enhanced
after being intercalated with LDH. For naproxen, the solubility
increased from 8 × 10−3 to 26 × 10−3 g/L after 1 min and from 30 ×
10−3 to 146 × 10−3 g/L after 60 min, eventually reaching 158 ×
10−3 g/L after 3 h. Similarly, for flurbiprofen, the solubility rose
from 1 × 10−3 to 4 × 10−3 g/L after 1 min and from 11 × 10−3 to
56 × 10−3 g/L after 60 min, reaching 720 × 10−3 g/L after 24 h
(Berber et al., 2008). These improvements are due to the drug-
LDH composites’ structural properties, which prevent
recrystallization and enhance hydrophilicity, leading to better
water penetration and the release of the drug in an
amorphous form.

3.3 Characterization of PHT, MgAl-LDH and
MgAl-PHT-LDH

3.3.1 FTIR
FTIR spectroscopy is a potent technique that may be utilized to

verify drug intercalation into the LDH layers as opposed to a
conventional surface adsorption. FTIR spectra of PHT, MgAl-
LDH, and MgAl-PHT-LDH were obtained from 400 to
4,000 cm–1 (Figure 3). The spectrum of MgAl-PHT-LDH
(Figure 3A) showed some differences between the pure PHT, and
MgAl-LDH, which indicated the formation of a new component.
Although just a few distinct functional groups appeared to be
involved, the interaction appeared to encompass the whole drug
molecule. The major peaks, resulting from the stretching -NH
(3270.93 and 3202.80 cm−1) and aromatic ring (3430.38 cm−1) in
the pure PHT spectrum were practically absent in the MgAl-PHT-
LDH. The spectrum of pure PHT (Figure 3B) had distinctive peaks
at 3270.93 cm−1 and 3202.80 cm−1 that refer to the NH group
stretching vibrations, and at 3430.38 cm−1 for the -C-H stretching
vibrations of aromatic molecules. Meanwhile, the peaks at
1713.31 and 1770.93 cm−1 indicated the carbonyl group of the
structure. The peak at 1448.29 cm−1 indicated the C-N stretching,
and those at 744.11, 723.52, and 695.70 cm−1 indicated the out-of-
plane vibrations of the C-H bonds in the phenyl group. These results

FIGURE 5
DSC thermograms of pure phenytoin, MgAl-LDH, and MgAl-PHT-LDH samples.

FIGURE 6
Thermogravimetric curves of pure phenytoin, MgAl-LDH, and MgAl-PHT-LDH.
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were in agreement with previous studies (Ramadhan, 2012;
Suneetha et al., 2014). MgAl-LDH formation was confirmed by
FTIR with the presence of a characteristic peak at 3417.21 cm−1

(Figure 3C) which refers to MgAl-O-H stretching, the water
molecule vibrations are seen at 1637.21 cm−1, and a strong band
at 1351.37 cm−1 owing to nitrate ions. This spectrum was in
agreement with reported spectra displaying similar features for
LDH (Ay et al., 2009).

3.3.2 PXRD
PXRD is an effective technique for confirming the expansion of

the hydroxide layers following the replacement of counter ions with
drugs. The diffraction patterns observed for PHT, MgAl-LDH, and
MgAl-PHT-LDH are presented in Figure 4. The diffractogram of
PHT shows sharp peaks at angles of 2θ 8.70, 11.45, 16.74, 17.41,
20.53, and 22.56°, which were consistent with a previous report
(Nokhodchi et al., 2003). PXRD pattern for MgAl-LDH showed
sharp and symmetric reflections, which is characteristic of
crystalline nature of LDH. The basal spacing of LDH with NO3-

anions in the interlayer is indicated by the main diffraction peak of
MgAl-LDH at 29.500° 2θ which refers to a d value of 3.02547 Å.
PHT was intercalated into the MgAl-LDH interlayer, which
produced a diffraction pattern characterized by a strong peak
at a lower angle of 2θ° (11.447°) and an enhancement in the basal
interlayer space by the substitution of PHT for the NO3

− anions.
The shifting of planes to higher d values was proof of PHT
intercalation into the MgAl-LDH. In MgAl-PHT-LDH, the basal
spacing was raised from 3.02547 Å to 7.72389 Å. These

observations were comparable to the reported case of
salicylate into the LDH (Mondal et al., 2016).

3.3.3 DSC
The calorimetric data can be the initial confirmation of another

chemical entity resulting from intercalation of any molecule like
drug. The DSC curves of PHT, MgAl-LDH, and MgAl-PHT-LDH
are displayed in Figure 5. PHT has a distinct endothermic peak only
because the drug melts at 297.407°C (Ritesh et al., 2014). The MgAl-
LDH curve showed two tiny and widened peaks at 136.704°C and
199.319°C due to an early dehydroxylation of the hydroxide layers
(Bini et al., 2019). For MgAl-PHT-LDH, the curve showed the
melting endotherm at 200.726°C that was not present in the PHT
sample and the disappearance of the peak at 136.704°C in the LDH
sample. Therefore, in the DSC thermogram of MgAl-PHT-LDH, the
endotherm peak at 200.726°C represents the identity of a different
product than that of PHT and MgAl-LDH; confirming the
successful intercalation of PHT into MgAl-LDH to form MgAl-
PHT-LDH.

3.3.4 TGA
Thermal analyses were done to characterize the behavior of PHT

with MgAl-LDH (Figure 6). Thermogravimetric analysis of PHT
revealed one step of degradation. It began at 225°C and concluded at
306°C, which could be a result of the elimination of water.
Interestingly, it is reported that the losses of both adsorbed and
structured waters are most likely the causes of the mass variations
detected by TGA. Further, the absence of dehydroxylation of brucite

FIGURE 7
Particle size and distribution of MgAl-LDH, and MgAl-PHT-LDH.
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layers was confirmed as no endothermic peak was there (Timóteo
et al., 2019). Further, this obtained TGA curve of PHT agreed with
reported data showing such observations between 340°C and 425°C
(Abdollahi et al., 2016). The thermogram of MgAl-LDH powder
showed a 49% loss of its mass on heating till 700°C. Two major mass
loss steps happened with an increase in the temperature. The first
weight loss step in the temperature region of 220°C–400°C can be
related to surface water evaporation. In the following stage, in region
of 400°–627°C, loss of interlayer water molecules occurs. Such an

observation was made for the hydrating component of salicylate
intercalated LDH too (Mondal et al., 2016). In the MgAl-PHT-LDH
thermogram, two significant stages of weight loss during thermal
breakdown were observed. As seen in the curve, the initial phase
of mass loss in the region of 206°C–302°C was caused by the
removal of water absorbed on the LDH’s outer surface. The
second mass loss, in the region of 302°–450°C, with a total
weight loss of 21%, can be attributed to the removal of
hydroxyl ions in the LDH layers and the breakdown of nitrate

FIGURE 8
SEM images of PHT (A–D), MgAl-LDH (E–H), and MgAl-PHT-LDH (I–L).
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ions. As seen in the Figure 6, the decomposition of MgAl-PHT-
LDH took a higher temperature than the decomposition of the
free PHT. This implies that the intercalation improved the
stability of PHT in the LDH against higher temperatures. This
was in accordance with the observations made during the
intercalation of protocatechuic acid in MgAl-LDH (Barahuie
et al., 2013).

3.3.5 Particle size and PDI
The hydrodynamic size and PDI of MgAl-LDH were 152 ±

38.61 nm and 0.780 respectively. Meanwhile, MgAl-PHT-LDH had
a size of 313 ± 109.5 nm with a PDI of 0.032 (Figure 7). The larger

particle size of MgAl-PHT-LDH compared to MgAl-LDH can be
attributed to the intercalation of PHT (Ladewig et al., 2010; Luengo
et al., 2021). It is to be noted that the PDI value of MgAl-LDH
indicated a very broad distribution of particle sizes, whereas the PDI
of MgAl-PHT-LDH was very uniform. The intercalation process
might have led to a more uniform distribution of the drug within the
LDH layers, resulting in particles with more consistent sizes.
Intercalation of the drug may also have reduced the tendency of
LDH particles to aggregate or form larger agglomerates. This
reduction in aggregation can result in a narrower size
distribution and hence a lower PDI (Mondal et al., 2016;
Pavlovic et al., 2022).

FIGURE 9
TEM images of MgAl-PHT-LDH.

TABLE 3 Pre-compression characteristics of the powder mixture.

Angle of repose (°) Bulk density (mg/mL) Tapped density (mg/mL) Carr’s index (%) Hausner ratio

31.40 ± 0.76 474.28 ± 7.65 565.52 ± 10.88 16.14 1.19

TABLE 4 Results of post-compression characteristics of MgAl-PHT-LDH tablets.

Weight variation (mg)
Mean ± SD

Hardness (kg)
Mean ± SD

Friability (%) Thickness (mm) Content uniformity (%) Disintegration (min)
Mean ± SD

297.7 ± 2.401 6.6 ± 0.1 0.1700 4.04 ± 0.054 98.81 ± 0.14 6.95 ± 0.31
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3.3.6 Scanning electron microscopy (SEM)
The morphological analysis of PHT, MgAl-LDH, and MgAl-

PHT-LDH were achieved using SEM (Figure 8). For pure PHT, the
SEM image clearly shows rod-like or columnar structure of the
crystals, similar to the shape of PHT crystals reported by others
(Nokhodchi et al., 2003). Meanwhile, MgAl-LDH showed spherical
sand rose morphology as a result of the reaction between −OH
groups of MgAl-LDH and NaOH at a pH of 9–10. Aggregation of
MgAl-LDH particles was observed, which agrees with the previously
reported findings regarding Mg-Al-LDH (Beyranvand et al., 2019).
Although MgAl-LDH had nearly a spherical shape, the morphology
of MgAl-PHT-LDH exhibited a shape more of a square-like crystal
with a wider size range. The changes observed in the crystallinity of
the MgAl-LDH might be due to intercalation of PHT (Ameena
Shirin et al., 2021). Furthermore, owing to the intercalation of the
PHT into the LDH layers, the particle size of MgAl-PHT-LDH was
larger than MgAl-LDH. These results supported the findings of
particle size analysis.

3.3.7 TEM
The TEMmicrographs of MgAl-PHT-LDH (Figure 9) exhibited

morphology that was more elongated and had a wider size range. It
is reported that MgAl-LDH can show a plate-like morphology in
TEM images (Ouyang et al., 2022). As described in previous
sections, the intercalation of PHT might have caused the
conversion of the plate-like morphology to more elongated
structures. The particle size of Mg-Al-PHT-LDH was high due to
the intercalation of PHT into MgAl-LDH layers and confirmed the
results of particle size analysis.

3.4 Formulation of MgAl-PHT-LDH tablets

3.4.1 Preformulation studies
Table 1 displays the formula chosen for the conversion of Mg-

Al-PHT-LDH into a tablet. The densities of the powder blends were
measured, then Hausner’s ratio and Carr’s index were calculated.

FIGURE 10
In vitro release of PHT from the prepared Mg-Al-LDH-PHT tablets in 0.1HCl, and pH 8.6 phosphate buffer.
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The observed pre-compression characteristics of the powder are
provided in Table 3. The average angle of repose value as observed in
table 3indicated an acceptable outcome. Furthermore, the Hausner
ratio and Carr’s index indicated favorable flow characteristics of the
powder blend in accordance with the standards outlined in the
United States Pharmacopeia (USP) (Pharmacopeia, 2022).

Two other formulas were prepared and tested but they did not
yield satisfactory tablet properties (Supplementary Table S1). Only
the formula presented in Table 1 was successfully compressed into
tablets with acceptable tablet properties.

3.4.2 Evaluation of MgAl-PHT-LDH
compressed tablets
3.4.2.1 Weight variation, thickness, hardness, friability,
content uniformity, and disintegration time

Following compaction of the powder blend, the formed tablets
were visually inspected, and showed no sticking or picking.

The observed post-compression characteristics are shown in
Table 4. As not more than two of the prepared tablets varied from
the average weight by more than 5% and none by more than 10%,
the weight variation of the tablets was accepted, and they were found
to comply with USP criteria (USP 41-NF 36, 2018). Tablet thickness
was 4.04 ± 0.054 mm. To ensure the tablets are robust enough to
endure handling and transportation, as well as to ensure proper
disintegration upon ingestion, the force needed to fracture the tablet
was assessed. The observed tablet hardness of 6.6 ± 0.1 kg indicated
an acceptable value (dulla et al., 2018). The tablets’ fragility,
measured at 0.17%, fell within the acceptable limit set by the US
Pharmacopeia (USP), which mandates a value below 1%. The
content uniformity of the prepared tablets of 98.81% ± 0.14%
met the standards of the USP (85%–115%).

Furthermore, the tablets disintegrated in less than 30 min,
meeting the USP standard (USP 41-NF 36, 2018). The quantity
of microcrystalline cellulose in the powder mixture had a notable
impact on the disintegration time observed in vitro. Microcrystalline
cellulose, a commonly employed excipient in pharmaceutical tablets,
boasts strong binding properties and undergoes self-disintegration,
requiring minimal lubrication (Thoorens et al., 2014). Its presence
facilitates thorough blending of dry components, resulting in tablets
with superior compression, minimal fragility, and high hardness
(Chaerunisaa et al., 2017). Furthermore, PVP was integrated into
tablet formulation due to its robust adhesion and ability to undergo
plastic deformation, contributing to the production of solids with
the desired hardness. Its high water solubility and low viscosity help
minimize its impact on the dissolution and disintegration processes
of the tablet, ensuring that the drug is released as intended (Luo
et al., 2021).

3.4.2.2 PHT dissolution test
The dissolution of MgAl-PHT-LDH tablets was tested both in

0.1 NHCL and pH 6.8 phosphate buffer and the dissolution profile is
demonstrated in Figure 10. It was observed that the prepared tablet
formulations released 44.84% and 80.89% in 0.1 N HCl and
pH 6.8 phosphate buffer respectively of PHT within the first
30 min. MgAl-PHT-LDH tablets exhibited faster dissolution of

FIGURE 11
Serum concentration-time profile for LDH-phenytoin and
unprocessed phenytoin in rat serum after oral
administration (30 mg/kg).

TABLE 5 Pharmacokinetic parameters of PHT in rat serum after oral administration of MgAl-PHT-LDH tablets and unprocessed PHT tablets at a PHT dose of
30 mg/kg.

Parameter Unit MgAl-PHT-LDH tablets Unprocessed PHT tablets P-Value (Inference)

Average SD Average SD

Cmax ng.mL-1 1669.0 46.9 1939.3 81.9 P < 0.05 (significant difference)

Tmax h 4.0 1.8 2.0 0.9 P > 0.05 (no significant difference)

AUC0-t4 ng.h mL-1 9,936.4 96.4 7634.3 58.3 P < 0.05 (significant difference)

AUC0-∞ ng.h mL-1 13631.5 719.7 8635.0 80.6 P < 0.05 (significant difference)

AUMC0-24 ng.h mL-1 41401.3 2148.2 21836.4 1076.9 P < 0.05 (significant difference)

AUMC0-∞ ng.h mL-1 118682.3 6716.4 59843.1 3483.2 P < 0.05 (significant difference)

MRT h 8.7 0.39 3.86 0.19 P < 0.05 (significant difference)

T1/2 h 6.03 0.53 2.67 0.12 P < 0.05 (significant difference)

CL L kg-1 h-1 3.02 0.26 3.929 0.21 P < 0.05 (significant difference)
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PHT during the first 30 min compared to unprocessed PHT.
Unprocessed PHT tablets showed a very slow and weak
dissolution profile, where only less than 15% of PHT was
released in the first hour in 0.1 N HCl. The f2 value can be
applied as a useful tool to compare dissolution profiles of
formulations under development or even between experimental
and simulation data (Priese et al., 2023; Hu et al., 2024). The
calculated f2 for the dissolution profiles obtained in 0.1 N HCl
was 22.99 only indicating a significant difference between the
dissolution profiles. The improved dissolution of MgAl-PHT-
LDH could be explained by the release of PHT intercalated in
the layers of LDH. Such positive effect of the LDH on dissolution has
been shown previously for carprofen-intercalated LDH tablets
(Capsoni et al., 2018).

The dissolution profiles of the unprocessed PHT and MgAl-
PHT-LDH tablets in 6.8 phosphate buffer (Figure 10) showed that
the PHT alone dissolves slowly and not more than 14% of the dose is
dissolved in the first 10 min. In contrast, about 69% of PHT was
released from the MgAl-PHT-LDH tablets during the same period.
After 6 h, 85% of the PHT was released from MgAl-PHT-LDH
tablets, unprocessed PHT tablets could release only 27% of the drug.
The f2 for the dissolution profiles obtained in 6.8 phosphate buffer
was 12.19, indicating a significant difference between the dissolution
profiles observed for unprocessed PHT and MgAl-PHT-
LDH tablets.

It is noteworthy to mention that the dissolution of PHT from the
MgAl-PHT-LDH tablets was better in the phosphate buffer solution
than that of 0.1 N HCl by comparing the amount released of drug at
the same time points. As phenytoin is considered a weak acid its
neutralization in alkali media becomes easier. Phenytoin’s
intercalation was especially effective in ensuring that all drug
doses that became available for absorption would dissolve
completely and quickly.

3.4.2.3 In vivo study
The linear regression analysis for the calibration curve and

sensitivity data of PHT in rat serum using the UPLC-ESI-MS/MS
approach had the following validation parameters. Calibration range
(ng mL−1) at 10–2000, Calibration equation Y = 0.0356 X - 0.703,
Slope (±SD) 0.0356 ± 0.005, Intercept (±SD) 0.703 ± 0.092,
Determination coefficient (r2) 0.9984, Correlation coefficient (r)
0.9992, Lower limit of quantification (LLOQ) (ng mL−1) 10, and
Limit of detection (LOD) (ng mL−1) = 3.3. Further details
are provided under Supplementary Table S2 and
Supplementary Figure S1.

After a single oral administration of 30 mg/kg PHT to rats, the
serum concentration-time profile from the MgAl-PHT-LDH tablets
was compared to that from unprocessed PHT tablets as represented
in Figure 11.

Serum concentration of PHT was significantly higher in animal
group administering MgAl-PHT-LDH compared to those receiving
unprocessed PHT at all time points (P < 0.05). The computed values
of the pharmacokinetic parameters for PHT are listed in Table 5.
The results indicated longer Tmax (4.0 ± 1.8 h) and lower Cmax

(1669.0 ± 46.9 ng.mL−1) values of MgAl-PHT-LDH tablets
compared to unprocessed PHT tablets. The intercalation of PHT
to the MgAl-LDH could be the reason for a longer Tmax observed for
MgAl-PHT-LDH tablets. Such an observation of delaying Tmax andT
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reduction in Cmax was reported previously for acetylsalicylic acid
when intercalated in LDH (Dong et al., 2013). However, in
comparison to unprocessed PHT tablets, MgAl-PHT-LDH tablets
exhibited a significantly higher area under the curve (AUC) as
compared to unprocessed PHT tablets, which indicates a
significant increase in relative bioavailability. The MgAl-PHT-
LDH tablets showed an AUC0-24 of 9,936.4 ± 96.4 ng.h mL−1

whereas the unprocessed PHT tablets showed 7634.3 ± 58.3 ng.h
mL−1 only. Thus, the MgAl-PHT-LDH tablets demonstrated a
relative bioavailability of 130.15% in comparison to the
unprocessed PHT tablets.

The findings of the in vivo experiment demonstrated that the
intercalation of PHT in MgAl-LDH increased the rate and extent of
absorption, and thereby improved the oral bioavailability of PHT.
These findings were in agreement with reported observations for
other drugs after intercalation in LDH (Capsoni et al., 2018; Bini
et al., 2019; Leão et al., 2019).

3.4.2.4 Accelerated stability studies
For stability study, tablets were investigated after keeping in a

desiccator for 6 months as mentioned in the “Methods” section. The
results of weight variation, content uniformity, hardness, thickness,
friability, and in vitro disintegration time are presented in Table 6.

4 Conclusion

This study aimed to investigate the enhancement of
solubility, dissolution, and bioavailability of PHT, after its
intercalation to MgAl-PHT-LDH. Based on the findings of the
current study, intercalation of PHT to MgAl-PHT-LDH could be
achieved successfully as confirmed by FTIR, PXRD, DSC, and
TGA studies. This intercalation effectively improved drug
solubility in 0.1N HCl and phosphate buffer (pH6.8). MgAl-
PHT-LDH along with the selected excipients could be formulated
into tablets that showed acceptable pre-compression and tablet
properties. Finally, the study was capable of proofing enhanced in
vivo bioavailability of intercalated PHT compared to unprocessed
PHT at all time points in rat animal model. Overall, MgAl-PHT-
LDH tablet could be considered as a potential candidate for
clinical evaluation in the treatment of seizures at lower
doses of PHT.
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